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BACKGROUND: Endocrine disruptors include plasticizers, pesticides, detergents, and pharmaceu-
ticals. Turbot and other flatfish are used to characterize the presence of chemicals in the marine
environment. Unfortunately, there are relatively few genes of turbot and other flatfish in GenBank,
which limits the use of molecular tools such as microarrays and quantitative reverse-transcriptase
polymerase chain reaction (QRT-PCR) to study disruption of endocrine responses in sentinel fish
captured by regulatory agencies.

OBJECTIVES: We fabricated a multigene cross-species microarray as a diagnostic tool to screen the
effects of environmental chemicals in fish, for which there is minimal genomic information. The
array included genes that are involved in the actions of adrenal and sex steroids, thyroid hormone,
and xenobiotic responses. This microarray will provide a sensitive tool for screening for the presence
of chemicals with adverse effects on endocrine responses in coastal fish species.

METHODS: We used a custom multispecies microarray to study gene expression in wild hornyhead
turbot (Pleuronichthys verticalis) collected from polluted and clean coastal waters and in laboratory
male zebrafish (Danio rerio) after exposure to estradiol and 4-nonylphenol. We measured gene-
specific expression in turbot liver by qRT-PCR and correlated it to microarray data.

RESULTS: Microarray and qRT-PCR analyses of livers from turbot collected from polluted areas
revealed altered gene expression profiles compared with those from nonaffected areas.

CONCLUSIONS: The agreement between the array data and QRT-PCR analyses validates this
multispecies microarray. The microarray measurement of gene expression in zebrafish, which are
phylogenetically distant from turbot, indicates that this multispecies microarray will be useful for
measuring endocrine responses in other fish.
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In 1996 the European Community defined an
endocrine disruptor as “an exogenous substance
or mixture that alters function(s) of the endo-
crine system and consequently causes adverse
effects in an intact organism or its progeny or
(sub)populations” (International Programme
on Chemical Safety 2002). Endocrine dis-
ruptors of concern include plasticizers such
as phthalates and alkylphenols, pesticides,
fungicides, detergents, dioxin, polychlorinated
biphenyls, and pharmaceuticals such as the
synthetic estrogen 170-ethynylestradiol. These
xenobiotics are discharged into rivers, lakes,
and oceans, where they accumulate in aquatic
species. Humans and wildlife are exposed to
these compounds directly and through fish and
shellfish consumption. In addition, humans are
exposed to endocrine disruptors via polluted
drinking water.

Some endocrine disruptors interfere with
normal endocrine responses because the chem-
ical has structural similarities to hormones such
as steroids. As a result, the endocrine disruptors
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bind to a hormone receptor or to an enzyme
that catalyzes hormone synthesis or degradation
(Atanasov et al. 2005; Baker 2001). Elevated
concentrations of xenobiotics in the environ-
ment have raised awareness of their potential
impact on human health (Tyler et al. 1998).
Exposure of humans to endocrine disruptors
may lead to increased rates of fetal death (Bell
et al. 2001), intellectual impairment in chil-
dren (Jacobson and Jacobson 1996), premature
puberty in females (Herman-Giddens et al.
1997), and decreased reproductive ability in
males (Sharpe and Skakkebaek 1993).

Among endocrine disruptors, alkylphenol
ethoxylates, such as nonylphenol, have been
widely studied because of their wide diffusion
in the environment through their use in the
plastics industry and in detergents, paints,
herbicides, and pesticides (Soto et al. 1991).
An estimated 60% of man-made alkylphenols
enter the aquatic environment (Naylor et al.
1992), with most entering via sewage treat-
ment works, where they are readily degraded
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to form relatively stable metabolites (Ahel
et al. 1987). Nonylphenol is the predomi-
nant degradation product of the alkylphenols
encountered in the aquatic environment
(Giger at al. 1984). Exposures of cell cultures
and laboratory animals to nonylphenol have
demonstrated that it competes with estra-
diol for binding to the ER but has only weak
estrogenic activity. As a result, there are con-
cerns that exposure of humans and fish to
nonylphenol will disrupt male and female
reproduction and development.

It also is clear that xenobiotics affect other
hormone pathways, such as thyroid hormone
(Boas et al. 2006; Zhou et al. 2000). Thus,
there is a need for a tool that can screen many
endocrine responses in fish taken from pol-
luted water and monitor harmful effluents
entering the ecosystem. Ideally suited for this
purpose are microarrays, which can simul-
taneously measure the level of expression of
hundreds of genes from a single tissue sam-
ple in each animal collected from a polluted
environment (Benson and Di Giulio 2008;
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Hardiman 2004; Hardiman and Carmen
2006; Marton et al. 1998). Microarray anal-
ysis of alterations—either up or down—in
the levels of genes involved in physiologic
responses to estrogens, androgens, gluco-
corticoids, thyroid hormones, and detoxifica-
tion of chemicals provides a powerful tool for
obtaining a more complete diagnosis of endo-
crine disruption in fish. A microarray profile
of alterations in gene expression associated
with a single compound represents a unique
signature that can be used to detect com-
pounds with endocrine-disrupting activity in
the environment. Moreover, in addition to
the practical use of microarrays for analysis of
endocrine disruption in fish, microarrays can
provide molecular information for elucidat-
ing the mechanism of action of nonylphenol,
other xenobiotics, and endogenous hormones
such as estradiol.

The development of the microarray
described here was motivated by the needs of
the Los Angeles County Sanitation Districts
(LACSD), Orange County Sanitation

District (OCSD), the City of Los Angeles
Environmental Monitoring Division, the City
of San Diego Ocean Monitoring Program,
the Southern California Coastal Water
Research Project (SCCWRP), and university
research groups in Long Beach, Riverside, and
San Diego, California (USA). Together, these
investigators monitor and study chemical and
waste effluents discharged into the coastal
marine environment and watersheds through
biannual collection of sentinel fish at differ-
ent sites from San Diego to Santa Barbara to
assess accumulated levels and effects of envi-
ronmental chemicals.

The sentinel fish, which are used to
characterize the presence of chemicals in the
marine environment, are hornyhead turbot
(Pleuronichthys verticalis) and other flatfish,
because these fish are often bottom feeders
and are at higher risk of exposure to chemi-
cals that accumulate in sediments. These fish
also live in a limited area, which allows one
to localize the site of chemical pollution. The
OCSD has supported several studies that
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Figure 1. Flatfish (Pleuronectiformes) in an evolutionary context. Adapted from the phylogeny (Coleman
2004; Helfman et al. 1997). Tetraodontiformes (Fugu, Tetraodon) and Perciformes (cichlid, tilapia, sea bass,
sea bream, perch) are close phylogenetic relatives of Pleuronectiformes (turbot, halibut, sole) (box 1).
Cypriniformes (zebrafish) are distant phylogenetic relatives (box 2).
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captured turbot from different sites for the
analyses of aberrant morphology in organs,
for endocrine disruptors in liver tissue and
blood, and for vitellogenin, a biomarker for
estrogen exposure (Deng et al. 2007; Rempel
et al. 2006). Microarray and quantitative
reverse-transcriptase polymerase chain reac-
tion (QRT-PCR) analysis of turbot organs
would provide enhanced sensitivity to xeno-
biotics in the marine environment and facili-
tate control of toxic effluents. Unfortunately,
few genes of turbot and other flatfish have
been sequenced, which limits the use micro-
arrays and qRT-PCR to study disruption of
endocrine responses.

In this study, we present data from a
multigene cross-species microarray, which we
used to analyze gene expression in hornyhead
turbot collected in the coastal waters of Orange
County and Los Angeles County, California.
Parallel experiments with qRT-PCR verified
the microarray data. We also used the multi-
species microarray to study gene expression
in livers of zebrafish (Danio rerio) exposed
to estradiol and nonylphenol. The use of the
multispecies microarray to study gene expres-
sion in hornyhead turbot and zebrafish, which
are phylogenetically distant (Figure 1), sug-
gests that this array will be a useful diagnostic
screening tool to monitor responses to con-
taminants in Perciformes, Pleuronectiformes,
and fish from other taxa for which there are
limited genomic sequence data.

Materials and Methods

Estradiol and 4-nonylphenol exposure studies
in zebrafish. Details of exposure of zebrafish
to estradiol and 4-nonylphenol are provided
in the Supplemental Material (available online
at htep://www.chponline.org/members/
2008/11627/suppl.pdf).

Hornyhead turbot vitellogenin and estra-
diol assay. Details of the measurements of
vitellogenin, estradiol, cortisol, and testos-
terone (Kelley et al. 2001; Rempel et al. 2006)
are provided in the Supplemental Material
(available online at http://www.ehponline.org/
members/2008/11627/suppl.pdf).

Environmental hornyhead turbot sample
collection. We collected male hornyhead tur-
bot off of the coast of Southern California as
part of a Southern California regional marine
monitoring study (Bight Field Sampling and
Logistics Committee 2003). We used livers
from three individual fish from a monitoring
station near OCSD outfall and four individu-
als from a monitoring station near the LACSD
outfall for microarray analysis. These fish exhib-
ited morphologic abnormalities, high levels of
vitellogenin and estradiol, low levels of cortisol,
and histologic abnormalities, such as the pres-
ence of immature oocytes (eggs) within the
testis (Table 1). We obtained control fish from
a monitoring station in Dana Point, California,
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an area considered relatively nonaffected, and
maintained them in a clean-water laboratory
setting for 4 weeks. The vitellogenin level in the
control male turbot measured with an enzyme-
linked immunosorbent assay (ELISA) was
0.0037 ng/pg protein, 27- to 700-fold lower
than the vitellogenin levels in the turbot col-
lected from the polluted OCSD and LACSD
sites (Table 1). This indicates that the control
male turbot were not exposed to an estrogenic
compound, which validates the use of their
liver RNA as a control for the microarray and
the qRT-PCR analyses.

Exposed animals were sacrificed immedi-
ately after capture; the livers were harvested
and frozen in liquid nitrogen and stored at
—70°C. All the animals were treated humanely
and with regard for alleviation of suffering.

Construction of the multispecies microarray.
To overcome the scarcity of sequence data in
GenBank (National Center for Biotechnology
Information 2008) for hornyhead turbot, we
constructed a 65mer oligonucleotide-based
microarray containing conserved sequences
from genes of interest. We designed oligo
probes by collecting available fish sequences
in GenBank for a given gene (e.g., ESRI/
Era, Vig, CYP3A, and FXR) using BLAST
(Altschul et al. 1990). We selected sequences
from Tetraodoniformes (Fugu, Tetraodon)
and Perciformes (cichlid, tilapia, sea bass, sea
bream), which are close, from a phylogenetic
perspective, to Pleuronectiformes (hornyhead
turbot, California halibut) (Figure 1). We
also used available sequences from medaka,
stickleback, and zebrafish, in addition to some
hornyhead turbot—specific cDNA sequences
obtained by degenerate PCR cloning. To
design 65mer microarray probes, we used
the Clustal X program to construct multi-
ple alignments to uncover conserved regions
(Thompson et al. 1997), identified nucleotide
sequences within 1,200 bases from the mRNA
3’ end, and used the OligoWiz program to
analyze them (Nielsen et al. 2003; Wernersson
and Nielsen 2005). We subjected each copy
of an individual gene in several fish to a pair-
wise BLAST comparison with the correspond-
ing gene from other fish to ensure that the
DNA sequence was between 80% and 90%

identical, thereby increasing the likelihood
that the homologous turbot sequence would
contain at least 85% identity to one of the
oligonucleotides. Gene names and correspond-
ing accession numbers are in Supplemental
Material, Table 1 (available online at htep://
www.ehponline.org/members/2008/11627/
suppl.pdf).

Oligonucleotides were synthesized to
contain a 5" amine group and desalted by
Operon Technologies (Alameda, CA) and
Invitrogen (Carlsbad, CA), and used with-
out further purification. Oligonucleotides
were printed on amine-reactive silanized glass
slides (Surmodics, Inc., Eden Prairie, MN)
at the University of California, San Diego
BioMedical Genomics Microarray Facility as
described previously (Hardiman et al. 2003).

RNA extraction, ﬂuorescent target label-
ing, and microarray hybridizations. We con-
verted 500 ng of total RNA into fluorescently
labeled cyanine 3 (Cy 3) or 5 (Cy 5) cRNA
using the Low RNA Input Fluorescent Linear
Amplification Kit (Agilent Technologies,
Santa Clara, CA). Fluorescent targets were
purified to remove unincorporated nucle-
otides using RNeasy (Qiagen, Carlsbad,
CA). We used absorbance (optical density) at
260 nm to quantify the cRNA concentrations,
and absorbance at 550 nm and 650 nm to
measure the efficiency of Cy 3 and Cy 5 dye
incorporation. Hybridization was carried out
for 18 hr at 42°C in a shaking incubator at
100 rpm. The microarrays were washed with
1x saline—sodium citrate (SSC)/0.2% sodium
dodecyl sulfate (SDS) for 5 min at room tem-
perature followed by two 5-min washes with
0.1x SSC/0.2% SDS at room temperature.
The microarray was rinsed briefly with water
and dried by centrifugation at 800 rpm for
5 min. Technical replicate hybridizations
were carried out with each sample. Slides
were scanned using an Axon 4000A scanner
(Molecular Devices, Sunnyvale, CA) at the
photomultiplier tube settings of 500 V for
Cy 3 and 600 V for Cy 5.

Amplification and sequencing of horny-
head turbot mRNAs. We amplified partial tur-
bot transcripts using conserved sequences from
other fish species to guide the choice of primer

Table 1. Characteristics of hornyhead turbots sampled.

Microarray analysis of endocrine disruption

design. Gene-specific primers were designed
using Primer3 software (Rozen and Skaletsky
2000) as outlined in the Supplemental
Material (available online at http://www.
ehponline.org/members/2008/11627/
suppl.pdf). All the amplicons were directly
sequenced using the respective forward and
reverse PCR primers. We subjected all of the
sequencing reads to a series of quality control
measures, including a Phred quality score > 20
from the Phred program (Ewing et al. 1998),
and manual trace inspection. The identity of
each sequence was confirmed by performing
BLAST searches of GenBank.

Microarray data analysis. Array data
has been deposited in the ArrayExpress
Database (accession numbers E-MTAB-43
and E-MTAB-44) (European Bioinformatics
Institute 2008). Statistical analysis of the
microarray experiment involved two steps:
normalization of microarray data and sort-
ing of the genes according to interest. We
normalized all samples simultaneously using a
multiple-loess technique described previously
(Sdsik et al. 2004). In designing the interest
statistic, we borrowed ideas from the software
package Focus (Cole et al. 2003). The inter-
est statistic reflects a biologist’s understand-
ing that a gene with a greater fold change (in
absolute value) than other genes is potentially
more interesting. Also, given two genes with
the same fold changes, the gene with a higher
expression level (and therefore higher absolute
change) is more relevant. Ogawa et al. (2004)
described this approach in greater detail.

Differential expression and signal intensity
measurements. To investigate alterations in
gene expression of controls and exposed fish,
we used two independent analytical meth-
ods, MA plots (M, the intensity ratio, versus
A, the average intensity for a dot in the plot)
and normal quantile (g-q) plots, as described
in detail in Supplemental Material (available
online at http://www.chponline.org/members/
2008/11627/suppl.pdf).

qRT-PCR analysis. We measured rela-
tive turbot mRNA transcript levels by qRT-
PCR in a LightCycler 480 (Roche Applied
Science, Indianapolis, IN). We extracted total
RNA from hepatic turbot samples as described

Cortisol  Estradiol IGF Thyroxine Vitellogenin Morphology
Location ~ StationID SampleID Sex  (ng/mL)  (pg/mL) (ng/mL) (ng/mL)  (ng/ug protein) diagnosis Lesion grade Maturity stage
0CSD 4041 3 M 8.0 58.1¢ 16.0 0.7 0.1 Oocytes? Minimal Stage 1
0CSD 4041 4 M 18.6 134.0° 20.2¢ 252 02 Oocytes, macrophage Minimal Stage 1
aggregates?
0CSD 4041 6 M 89.42 90.82 17.1 0.5 0.4 None NA Stage 1
LACSD 4086 1 M 20.7¢ 2.2 16.3 0.4 1.59 Fibrous septa Minimal Stage 1
LACSD 4086 2 M 15.1 22 17.0 0.4 262 Fibrous septa Moderate Stage 2
LACSD 4086 3 M 1.1 213 15.9 0.4 1.0 None NA Stage 2
LACSD 4086 4 M 8.4 22 17.4 0.5 16 Oocytes, fibrous septa®  Moderate Stage 1

Abbreviations: IGF, insulin-like growth factor; M, male; NA, not applicable. Individuals with morphologic abnormalities induced by endocrine disruptors were chosen for microarray
experiments. Morphologic lesions (not caused during capture) and maturity stages are noted.
Anomalies.
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Figure 2. Schematic representation of the design and application of a multispecies microarray-based test
to monitor xenoestrogen exposure for environmental monitoring.
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above, reverse-transcribed it using the Roche
Transcriptor kit, and quantified 50 ng cDNA
using the LightCycler 480 SYBR Green Master
kit (Roche Applied Science). The 18S rRNA
served as an internal control for normalization.
Each sample was run in triplicate and mean val-
ues were reported. Normalized gene expression
values were obtained using LightCycler Relative
Quantification software (Roche Applied
Science). Relative gene copy numbers were
derived using the formula 2ACT where ACT is
the difference in amplification cycles required to
detect amplification product from equal starting
concentrations of turbot liver RNA.

Results

Design of the multispecies endocrine microarray.
Development of the multispecies microarray
was motivated by the mission of the partici-
pating sanitation districts, university research
groups, and SCCWRP to monitor the endo-
crine status of turbot, halibut, and other flatfish
at different sites in coastal Southern California.
We wanted a broad measure of the effects of

Figure 3. MA plots of differential expression and signal intensity measurements using the multispecies endocrine microarray for control and exposed fish (loess
normalization). (A-D) Individual LACSD-exposed fish versus pooled controls. (E-G) Individual 0CSD-exposed fish versus pooled controls. (H) Pooled controls versus
pooled controls. (/-K) Individual control fish versus pooled control. Each point represents data from a single 65mer oligonucleotide probe. M is a measure of differ-
ential gene expression [log, (exposed /control)] in A-G or absence of significant differential gene expression in the self-self plots [log, (control/control intensity)] in
H-K. A'is a measure of signal intensity [(0.5 log, exposed intensity + 0.5 log, control intensity) in A—G or (0.5 log, control intensity + 0.5 log, control intensity) in H—K].
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chemicals on a variety of endocrine responses in
fish. Thus, the microarray included probes for
genes encoding receptors for estradiol (ESR1/
Ero; ESR2/Erf), progesterone (PR), testosterone
(AR), cortisol (GR), aldosterone (MR), thyroid
hormone (THRA/TRo; THRB/TRP), retinoids
(RAR, RXR), and vitamin D (VDR), as well as
other nuclear receptors: farnesoid X receptor
(FXR), pregnane X receptor (PXR), hydroxy-
steroid dehydrogenases, and detoxification
enzymes (CYP1AI, CYP3A) [see Supplemental
Material, Table 1 (available online at heep://
www.chponline.org/members/2008/11627/
suppl.pdf)]. This provided a diagnostic tool
for measuring altered expression of genes that
are important in several endocrine pathways in
fish, which increased the scope of detection for
the presence of endocrine disruptors in coastal
waters off Southern California.

A challenge in developing this platform was
the paucity of available sequence information

for hornyhead turbot in GenBank. To over-
come this problem, we searched GenBank
for sequences in other fish to find regions of
sequence conservation that could be used to
construct a microarray slide that could detect
altered gene expression in multiple fish spe-
cies. Fortunately, the genomes of two genera of
Tetraodontiformes, Fugu and Tetraodon, have
been sequenced. Moreover, many genes from
various Perciformes genera were in GenBank.
Tetraodontiformes and Perciformes are phylo-
genetically close to Pleuronectiformes, as shown
in Figure 1. Also of importance was the exten-
sive catalog of sequenced genes from zebrafish,
which is distant from of Pleuronectiformes.
Sequences conserved in zebrafish, Fugu,
Tetraodon, and various Perciformes were likely
to be conserved in turbot. A schematic repre-
sentation of the design and application of the
multispecies microarray test to monitor xeno-
biotic exposure is presented in Figure 2.

Mi

croarray analysis of endocrine disruption

Differential expression and signal intensity
measurements using the multispecies micro-
array. We assessed male hornyhead turbots
sampled at OCSD and LACSD for expo-
sure to xenoestrogens using the multispecies
microarray. Figure 3 shows the measurements
obtained using the multispecies microarray to
examine control and exposed fish. We deter-
mined alterations in gene expression in horny-
head turbot liver relative to control fish by
using a threshold of log, intensity ratio > 2.
The MA plots revealed differential gene expres-
sion profiles between exposed and control tur-
bot taken from sites in LACSD (Figure 3A-D)
and OCSD (Figure 3E-G), and an absence of
significant differential gene expression in the
control self-self plots (Figure H-K).

We employed q-q plots to examine more
closely the differences in expression between
the control and exposed fish. The q-q plots
in Figure 4 demonstrate the distribution

4 4 .. 4 4
. ; g o |
4 £ f.
8 2 / 8 2 8 2- 8 o /
= = = =
g s g g
g 0 2 0 g 04 ENE
2 =2 2 =
=3 o =3 =3
§ -2- § -2 g -2 § -2
7] [ 7] »n :
4 d
4 4 4 4
I 1 I 1 Ll I T 1 I 1 I I T I I 1 T Il T I T T I T I T I T
3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3
Theoretical quantiles Theoretical quantiles Theoretical quantiles Theoretical quantiles
e " e e picl
N . 3
@ f @ 4 7] / »
= 2 f = 27 / = / = 7
= = = = -
] s ] s
= 0+ = 0 = 0 = 0+
2 2 2 2
£ £ £ £
& 2 S -2 < & 2 N g 24 7
] » - ] 0 ]
4 4 4 4
I 1 I 1 ] I T 1 I 1 I I T I I 1 T i ] I T ] I T I ] I T
3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3
Theoretical quantiles Theoretical quantiles Theoretical quantiles Theoretical quantiles
1 QI T
8 2 8 2 8 24
B € B
s s s
o 0 = 0 o 0
o -} 1]
= = =
§ -2 5 2 £l 7
wv wv wv -
4 —4 44
I 1 I T T I T 1 T 1 T I T I I 1 T T T I T
3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3

Theoretical quantiles

Theoretical quantiles

Theoretical quantiles

Figure 4. Normal g-q plots of multispecies endocrine microarray data. The g-q plots were constructed to determine whether control and exposed fish data sets
derived from populations have a common distribution. (A-D) Individual LACSD-exposed fish versus pooled controls. (E-G) Individual 0CSD-exposed fish versus
pooled controls. (H) Pooled controls versus pooled controls. (/-K) individual control fish versus pooled control. The g-q plots show the distribution of the log,
(exposed/control) fold changes and the deviation, if any, from a normal Gaussian distribution. When the two data sets derive from a population with the same
distribution, the points fall approximately along this straight line, as is the case with the control sample data populations, both pooled and individual (/-K). When
the two data sets derive from populations with different distributions, the data deviate from this straight line (A—G). Exposed samples differ from the control, with
a sharp rise observed in the quantile curve at log, ratios of 2, indicating the presence of large log, ratios and true differences in gene expression.
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of the log, (exposed/control) fold changes
and the deviation from a normal Gaussian
distribution. When a data set derives from
the Gaussian distribution, the normal-
quantile plot is a straight line. The plots in
Figure 4H-K show that the observed log,
ratio between control fish, both pooled and
individual, is reasonably close to a Gaussian.
This distribution is due to individual variation
in fish combined with unavoidable random
experimental errors.

The log, ratio between exposed and con-
trol fish (Figure 4A—G) results in curved ends
of the g-q line, which indicate the presence of
heavy tails in the distribution of log, (exposed/
control). The exposed samples clearly differ
from the control samples. Specifically, the
sharp increase in the quantile curve at a log,
ratio of about 2 suggests that genes with |log,
(exposed/control)| > 2 show significant regu-
lation in the LACSD-exposed (Figure 4A-D)
and OCSD-exposed (Figure 4E-G) fish com-
pared with controls, which is in agreement
with the MA plots in Figure 3.

Gene expression patterns in male turbot
Jfrom Southern California coastal regions. A
heat map of selected genes that were either
strongly down-regulated or up-regulated in
fish collected near the OCSD and LACSD
outfalls relative to controls is presented in
Figure 5. Fish sampled at both affected sites
exhibited strong increases in the expres-
sion of CYP3A, RXR, ERB, Vig2, and MR
relative to control fish. The VDR was also
up-regulated compared with control fish.
Transcripts encoding FXR and peroxisome
proliferator-activated receptor o (PPARQ)
were down-regulated compared with control
fish. Additionally, thyroid receptor o and
mRNAs were down-regulated.
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Figure 5. Gene expression profiling of male turbot
liver collected at 0CSD and LACSD (contaminated)
and control fish from a nonaffected area. This
heat map depicts fold changes observed between
exposed and control fish. LACSD and OCSD data
derived from four and three independent biologic
replicate microarray experiments, respectively.
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qRT-PCR analysis of turbor gene expres-
sion. In order to use QRT-PCR to determine
whether the microarray data were accurately
monitoring changes in hepatic gene expres-
sion in the turbot, we cloned, via RT-PCR,
partial fragments corresponding to highly
conserved regions in the 285 rRNA, CYP34,
TRP, vitellogenin 1 (Vigl), and Vig2. We
confirmed identities of the fragments by
DNA sequencing, and sequence data have
been deposited in GenBank (accession num-
bers FJ042791-FJ042800). We used these
short turbot-specific sequences for SYBR
Green quantitative PCR experiments on indi-
vidual turbot from affected regions. As shown
in Figure 6, we observed greatest differences
with the Vigl and Vig2 transcripts, with
> 15-fold induction in one turbot. 7R} was
down-regulated in two control fish examined.
CYP3A was up-regulated in three fish. Thus,
these qRT-PCR data validate the microarray
analysis for these genes.

Moreover, in control turbot, Vigl was
0.0037 ng/ug protein, as determined by an
ELISA assay. Thus, vitellogenin levels in con-
trol male turbot were 27- to 700-fold lower
than those found in turbot collected from pol-
luted sites in Orange County and Los Angeles
County (Table 1). The agreement between
vitellogenin measured with the ELISA assay and
with the QRT-PCR analysis (Figure 6) gives us
confidence in QRT-PCR analyses of other genes
in male turbot taken from polluted sites.

Gene expression patterns in zebrafish
exposed to estradiol and 4-nonylphenol. We
investigated alterations in gene expression in
zebrafish liver using the multispecies micro-
array after exposing fish for 2 weeks to either
the xenoestrogen 4-nonylphenol or estradiol
at 10~ M. We carried out these experiments
to determine if probes designed from con-
served sequences from Tetraodoniformes and
Perciformes were able to hybridize to genes in
zebrafish (Cypriniformes), which are distant
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phylogenetic relatives of Pleuronectiformes
(Figure 1).

The data in the heat map in Figure 7 show
that estradiol produced a broader and higher
response than did 4-nonylphenol. Both treat-
ments induced strong up-regulation of vitel-
logenin, several nuclear receptors, proteins
involved in oogenesis, and steroid metabo-
lism. Among these, the FXR transcript was
the most up-regulated. Other transcripts that
were strongly up-regulated included PR, MR,
PPARa, PXR, retinoid X receptor (RXRa),
TRo., and GR.

Other transcripts including ERo, the glu-
cose transporter GLUT, an insulin-like growth
factor binding protein (/GFBP) (Kelley et al.
2002), and 11f-hydroxysteroid dehydrogenase
type 3 (1IBHD3) (Baker 2004) were down-
regulated by treatment with estradiol and
4-nonylphenol. Estradiol also induced a strong
decrease in both CYP3A and ERa expres-
sion. Although CYP3A expression was down-
regulated in 4-nonylphenol-treated fish, the
response was muted compared with estradiol.

Discussion

There is an increasing demand for robust bio-
assays that provide a comprehensive assess-
ment of the effects of chemical contaminants
in aquatic populations. Microarrays are ideally
suited for this purpose because they can detect
changes in many genes in a single tissue sam-
ple, providing snapshots of alterations in endo-
crine pathways in normal and contaminated
fish. This knowledge identifies gene families
and biochemical pathways that are affected,
in addition to identifying those that remain
unaffected (Vilo and Kivinen 2001). A chal-
lenge in developing a microarray platform to
study alterations in gene transcription in senti-
nel coastal species was the paucity of genomic
sequence data. To overcome this obstacle, we
constructed a 65mer oligonucleotide-based
microarray containing conserved sequences
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Figure 6. Multispecies SYBR Green gRT-PCR validation of multispecies endocrine microarray for Vig7 (A),
Vtg2 (B), thyroid hormone receptor B (C), and CYP3A-specific transcripts (D) in livers from control (Con)
and exposed (Exp) hornyhead turbot (each bar represents one fish). 18S rRNA served as an internal
control for normalization. Plots are mean fold changes from triplicate measurements, relative to control
fish. Vitg1 (A) and Vtg2 (B) transcripts were strongly up-regulated (> 15 fold) in one exposed fish. TRB was
down-regulated in two control fish. CYP3A was up-regulated in three fish and down-regulated in one fish.
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from genes of interest. The novelty of this plat-
form is that it used highly conserved probes
from several fish species, permitting applica-
tion of the array to studies involving turbot
and zebrafish. We used 65mers to accom-
modate sequence differences, polymorphic
regions, and species-specific codon use. We
reasoned that this approach would be success-
ful because oligonucleotides 50 nucleotides
in length have been previously demonstrated
to hybridize to RNA sequences that differ by
15% in their overall sequence (Li et al. 2005;
Nielsen et al. 2003). We focused the array
on key targets with defined roles in endocrine
pathways and processes, in addition to bio-
markers for contaminant exposure.

We used the multispecies microarray to
assess alterations in hepatic gene expression
in male hornyhead turbots that we collected
during a regional marine monitoring study
at two monitoring stations in the Southern
California Bight 2003 Survey that are con-
sidered affected by pollution (Bight Field
Sampling and Logistics Committee 2003).
The assessed fish had been previously exam-
ined for exposure to xenoestrogens using the
classical biomarker vitellogenin, measure-
ments of plasma levels of testosterone and
estradiol, and anomalies in gonadal morphol-
ogy (Deng et al. 2007; Rempel et al. 2006).

Microarray analysis of turbot exposed to
pollutants. Microarray analysis detected dif-
ferences in hepatic gene expression patterns in
exposed turbot from the two monitoring areas
compared with control individuals. Exposed
turbot showed up-regulation of CYP3A and
RXR. Interestingly, thyroid receptors o and
B were down-regulated in fish from both
monitoring areas, indicating the presence of
compounds that are able to interfere with the
thyroid response.

Another example of the utility of micro-
array analysis of fish from polluted areas is a
study comparing transcripts in male flounder
collected from an affected site (Tyne) and a
reference site (Alde) in the United Kingdom
(Williams et al. 2003). Eleven transcripts
were differentially expressed between the two
groups: in the Tyne male fish, seven tran-
scripts were more highly expressed [CYPIAI,
UDPGT (UDP-glucuronosyltransferase),
a-2HS-glycoprotein, dihydropyrimidine
dehydrogenase, Cu/Zn superoxide dismutase,
aldehyde dehydrogenase, and paraoxonase],
whereas four transcripts [elongation factor 1
(EFI), EF2, Int-6 (translation initiation fac-
tor 3 subunit 6), and complement component
C3 mRNA] were statistically significantly less
abundant (Williams et al. 2003).

Microarray analysis of zebrafish exposed to
estradiol and 4-nonylphenol. We observed dif-
ferences between estradiol and 4-nonylphenol
in the strength of the estrogen-like response,
which we attribute to 4-nonylphenol having
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a low affinity for the ER (Kuiper et al. 1997).
The data on gene expression in zebrafish
provide another validation of the multispe-
cies microarray and demonstrate its poten-
tial for investigating gene expression in
Pleuronectiformes and Perciformes.

We found up-regulation of vitellogenin,
PR, RXR, and ERp transcripts in male zebrafish
exposed to both estradiol and 4-nonylphenol.
Up-regulation of vitellogenin and PR are well-
established responses to estrogens. RXR has
been shown to be up-regulated by the estro-
genic chemical bisphenol A in murine embryos
(Nishizawa et al. 2005). ERP expression has
been shown to increase upon exposure to
xenoestrogens in zebrafish (Islinger et al. 2003)
and to 4-nonylphenol in many fish species
(Soverchia et al. 2006). Up-regulation of ERB
was reported after exposure to alkylphenols in
juvenile goldfish, medaka, rainbow trout, and
zebrafish (Inui et al. 2003; Islinger et al. 2003;
Soverchia et al. 2006; Vetillard and Bailhache
2006), indicating that it can be considered a
biomarker for xenoestrogen exposure.

ERo. expression was repressed with both
estradiol and 4-nonylphenol treatments.
Distinct patterns of expression for ERa and
ERP have been documented in fish (Choi and
Habibi 2003), but differences in the interaction
of xenoestrogens with the two subtypes of estro-
gen receptors have not been well characterized.

After exposure to 4-nonylphenol, we
observed a modest repression of CYP34 in
zebrafish. However, we observed a strong
repression of CYP34A mRNA after estradiol
exposure. Similar results have been reported
in trout (Pajor et al. 1990), suggesting an
important role of the sex hormones in CYP34
expression, which is further supported by the
sexually dimorphic expression of CYP3A4 genes
reported in many fish species (Hasselberg
et al. 2004; Hegelund and Celander 2003).

Interestingly, expression of the PXR, a sen-
sor for xenobiotics (Moreau et al. 2008; Xie
et al. 2000), was induced by both compounds.
PXR mediates the effects of 4-nonylphenol
on the activation of CYP34 genes in mouse,
rat, and humans (Masuyama et al. 2000,
2002). In juvenile Adantic salmon, increases
in PXR and CYP3A transcript levels have been
observed after 4-nonylphenol exposure, sug-
gesting a mechanism similar to that reported
in mammalian systems (Meucci and Arukwe
20006). Furthermore, hepatic expression of
CYP3A is induced by the organochlorine pes-
ticide methoxychlor in male largemouth bass,
Micropterus salmoides (Blum et al. 2008).

We also found strong activation of FXR,
PPAR, and RXRa expression in zebrafish
exposed to estradiol or 4-nonylphenol, which
indicates that xenoestrogens can affect a vari-
ety of physiologic pathways. PPAR is involved
in the regulation of lipid-metabolism-related
genes, and its interaction with xenobiotic
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compounds is thought to be responsible for
alterations in adipogenesis and diseases such
as obesity in humans (Grun and Blumberg
2006). FXR is strongly activated by bile acids
and serves as a central coordinator for bile
acid biosynthesis metabolism and transport.
Possible interaction of xenobiotics with FXR
could lead to changes in bile acid homeostasis
and hepatic toxicity. Our finding that FXR was
up-regulated in zebrafish exposed to estradiol
and 4-nonylphenol has not been reported pre-
viously in any fish. This finding demonstrates
the utility of microarrays in uncovering the
effects of hormones and chemicals, which can
subsequently be used to construct a profile for
exposure to a given chemical.

Of practical importance for the analysis
of zebrafish exposed to estradiol and 4-nonyl-
phenol is that the zebrafish belongs to the
order Cypriniformes and is phylogenetically
distant from Tetraodoniformes, Perciformes,
and Pleuronectiformes, whose sequence infor-
mation was used to guide the design of the
array probes. Thus, the data obtained from the
zebrafish experiments indicated that the multi-
species microarray possesses cross-species utility.

Conclusions

The results we obtained using the multispecies
microarray to assess male hornyhead turbots
in two coastal areas considered affected by
pollution revealed the presence of a mixture
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Figure 7. Cross-species applicability of the
Multispecies endocrine microarray: detection of
alterations in gene expression in zebrafish liver after
a 2-week exposure to either 4-nonylphenol or estra-
diol. This heat map depicts fold changes between
exposed and control fish. Data derived from four
independent biological replicate experiments.
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of endocrine disruptors containing xeno-
estrogens, and most likely xenobiotics capable
of interacting with the thyroid system. These
results highlight the utility of the multispecies
microarray as a diagnostic for the presence of
endocrine disruptors in the aquatic environ-
ment. We demonstrated the broad use of the
multispecies microarray to study the effects of
environmental chemicals on fish in its appli-
cation to zebrafish exposed to chemicals in a
laboratory and a sentinel species (hornyhead
turbot, Pleuronichthys verticalis) collected
from polluted sites. The results presented here
demonstrate the feasibility of adding other
genes of interest in fish physiology to a second-
generation multispecies microarray for charac-
terizing fish exposed to pollutants.

CORRECTION

Figure 7 was incorrect in the original article
published online. It has been corrected here.

REFERENCES

Ahel M, Conrad J, Giger W. 1987. Persistent organic chemicals
in sewage effluents. 3. Determinations of nonylphenoxy car-
boxylic acids by high-resolution gas chromatography/mass
spectrometry and high-performance liquid chromatography.
Environ Sci Technol 21:697-703.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990.
Basic local alignment search tool. J Mol Biol 215:403—410.

Atanasov AG, Nashev LG, Tam S, Baker ME, Odermatt A. 2005.
Organotins disrupt the 11beta-hydroxysteroid dehydroge-
nase type 2-dependent local inactivation of glucocorticoids.
Environ Health Perspect 113:1600-1606.

Baker ME. 2001. Adrenal and sex steroid receptor evolution:
environmental implications. J Mol Endocrinol 26:119-125.

Baker ME. 2004. Evolutionary analysis of 11beta-hydroxysteroid
dehydrogenase-type 1, -type 2, -type 3 and 17beta-hydroxy-
steroid dehydrogenase-type 2 in fish. FEBS Lett 574:167-170.

Bell EM, Hertz-Picciotto |, Beaumont JJ. 2001. A case-control
study of pesticides and fetal death due to congenital anom-
alies. Epidemiology 12:148—-156.

Benson WH, Di Giulio RT. 2008. Genomic Approaches for Cross-
Species Extrapolation in Toxicology. Boca Raton, FL:CRC
Press.

Bight Field Sampling and Logistics Committee. 2003. Field
Operations Manual. Westminster, CA:Commission of
Southern California Coastal Water Research Project.

Blum JL, Nyagode BA, James MO, Denslow ND. 2008. Effects
of the pesticide methoxychlor on gene expression in the
liver and testes of the male largemouth bass (Micropterus
salmoides). Aquat Toxicol 86:459-469.

Boas M, Feldt-Rassmussen U, Skakkebaek NE, Main KM.
2006. Environmental chemicals and thyroid function. Eur J
Endocrinol 154:599-611.

Choi CY, Habibi HR. 2003. Molecular cloning of estrogen receptor
alpha and expression pattern of estrogen receptor subtypes
in male and female goldfish. Mol Cell Endocrinol 204:169-177.

Cole SW, Galic Z, Zack JA. 2003. Controlling false-negative
errors in microarray differential expression analysis: a
PRIM approach. Bioinformatics 19:1808-1816.

Coleman R. 2004. Fish Classification: The Classes. Available:
http://cichlidresearch.com/fish_html/allfish.html[accessed
8 December 2008].

Deng X, Rempel MA, Armstrong J, Schlenk D. 2007. Seasonal
evaluation of reproductive status and exposure to envi-
ronmental estrogens in hornyhead turbot at the municipal
wastewater outfall of Orange County, CA. Environ Toxicol
22:464-471.

European Bioinformatics Institute. 2008. ArrayExpress

230

Database. Available: http://www.ebi.ac.uk/microarray-as/
ae/ [accessed 8 December 2008].

Ewing B, Hillier L, Wendl MC, Green P. 1998. Base-calling of
automated sequencer traces using Phred. |. Accuracy
assessment. Genome Res 8(3):175-185.

Giger W, Brunner PH, Schaffner C. 1984. 4-Nonylphenol in
sewage sludge: accumulation of toxic metabolites from
nonionic surfactants. Science 4662:623-625.

Grun F, Blumberg B. 2006. Environmental obesogens: organo-
tins and endocrine disruption via nuclear receptor signal-
ing. Endocrinology 147:850-S855.

Hardiman G. 2004. Microarray platforms-comparisons and con-
trasts. Pharmacogenomics 5:487-502.

Hardiman G, Carmen A. 2006. DNA biochips—past, present and
future; an overview. In: Biochips as Pathways to Discovery
(Carmen A, Hardiman G, eds.). New York:Taylor & Francis,
1-13.

Hardiman G, Tran Y, Bacon K, Clover R, Reardon B, Wisotzkey R,
et al. 2003. C. elegans gene expression analysis using
microarrays of covalently attached 50mer oligodeoxy-
ribonucleotides. In: Microarray Methods and Applications
(Hardiman G, ed). Eagleville, PA:DNA Press, 205-230.

Hasselberg L, Meier S, Svardal A, Hegelund T, Celander MC.
2004. Effects of alkylphenols on CYP1A and CYP3A expres-
sion in first spawning Atlantic cod (Gadus morhua). Aquat
Toxicol 67:303-313.

Hegelund T, Celander MC. 2003. Hepatic versus extrahepatic
expression of CYP3A30 and CYP3A56 in adult killifish
(Fundulus heteroclitus). Aquat Toxicol 64:277-291.

Helfman GS, Collette BB, Facey DE. 1997. The Diversity of
Fishes. Malden, MA:Blackwell Science.

Herman-Giddens ME, Slora EJ, Wasserman RC, Bourdony CJ,
Bhapkar MV, Koch GG, et al. 1997. Secondary sexual charac-
teristics and menses in young girls seen in office practice: a
study from the pediatric research in office settings network.
Pediatrics 99:505-512.

International Programme on Chemical Safety. 2002. Global
Assessment of the State-of-the-Science of Endocrine
Disruptors. Available: http://www.who.int/ipcs/
publications/new_issues/endocrine_disruptors/en/
[accessed 8 December 2008].

Inui M, Adachi T, Takenaka S, Inui H, Nakazawa M, Ueda M,
et al. 2003. Effect of UV screens and preservatives on
vitellogenin and choriogenin production in male medaka
(Oryzias latipes). Toxicology 194:43-50.

Islinger M, Willimski D, Volkl A, Braunbeck T. 2003. Effects of
17a-ethinylestradiol on the expression of three estrogen-
responsive genes and cellular ultrastructure of liver and
testes in male zebrafish. Aquat Toxicol 62:85-103.

Jacobson JL, Jacobson SW. 1996. Intellectual impairment in
children exposed to polychlorinated biphenyls in utero.
N Engl J Med 335:783-789.

Kelley KM, Haigwood JT, Perez M, Galima MM. 2001. Serum
insulin-like growth factor-binding proteins (IGFBPs) as
markers for anabolic/catabolic condition in fishes. Comp
Biochem Physiol B Biochem Mol Biol 129:229-236.

Kelley KM, Schmidt KE, Berg L, Sak K, Galima MM, Gillespie C,
et al. 2002. Comparative endocrinology of the insulin-like
growth factor-binding protein. J Endocrinol 175:3-18.

Kuiper GG, Carlsson B, Grandien K, Enmark E, Haggblad J,
Nilsson S, et al. 1997. Comparison of the ligand binding
specificity and transcript tissue distribution of estrogen
receptors alpha and beta. Endocrinology 138:863-870.

Li X, He Z, Zhou J. 2005. Selection of optimal oligonucleotide
probes for microarrays using multiple criteria, global
alignment and parameter estimation. Nucleic Acids Res
33:6114-6123.

Marton MJ, DeRisi JL, Bennett HA, lyer VR, Meyer MR, Roberts C,
et al. 1998. Drug target validation and identification of sec-
ondary drug target effects using DNA microarrays. Nat Med
4:1293-1301.

Masuyama H, Hiramatsu Y, Kunitomi M, Kudo T, McDonald PN.
2000. Endocrine disrupting chemicals, phthalic acid and
nonylphenol, activate pregnane X receptor-mediated tran-
scription. Mol Endocrinol 14:421-428.

Masuyama H, Inoshita H, Hiramatsu Y, Kudo T. 2002. Ligands
have various potential effects on the degradation of preg-
nane X receptor by proteasome. Endocrinology 143:55-61.

Meucci V, Arukwe A. 2006. The xenoestrogen 4-nonylphenol
modulates hepatic gene expression of pregnane X recep-
tor, aryl hydrocarbon receptor, CYP3A and CYP1A1 in

juvenile Atlantic salmon (Salmo salar). Comp Biochem
Physiol C Toxicol Pharmacol 142:142-150.

Moreau A, Vilarem MJ, Maurel P, Pascussi JM. 2008.
Xenoreceptors CAR and PXR activation and consequences
on lipid metabolism, glucose homeostasis, and inflammatory
response. Mol Pharm 5:35-41.

National Center for Biotechnology Information. 2008. GenBank
Overview. Available: http://www.ncbi.nlm.nih.gov/
Genbank/index.html [accessed 8 December 2008].

Naylor CG, Mieure JP, Adams WJ, Weeks JA, Castaldi FJ, Ogle
LD, et al. 1992. Alkylphenol ethoxylates in the environment.
J Am 0il Chem Soc 69:695-703.

Nielsen HB, Wernersson R, Knudsen S. 2003. Design of oligo-
nucleotides for microarrays and perspectives for design of
multi-transcriptome arrays. Nucleic Acids Res 13:3491-3496.

Nishizawa H, Morita M, Sugimoto M, Imanishi S, Manabe N.
2005. Effects of in utero exposure to bisphenol A on mRNA
expression of arylhydrocarbon and retinoid receptors in
murine embryos. J Reprod Dev 51:315-324.

Ogawa S, Lozach J, Jepsen K, Sawka-Verhelle D, Perissi V,
$asik R, et al. 2004. A nuclear receptor corepressor
transcriptional checkpoint controlling activator protein
1-dependent gene networks required for macrophage
activation. Proc Natl Acad Sci USA 101:14461-14466.

Pajor AM, Stegeman JJ, Thomas P, Woodin BR. 1990.
Feminization of the hepatic microsomal cytochrome P-450
system in brook trout by estradiol, testosterone, and pituitary
factors. J Exp Zool 253:51-60.

Rempel MA, Reyes J, Steinert S, Hwang W, Armstrong J,
Sakamoto K, et al. 2006. Evaluation of relationships
between reproductive metrics, gender and vitellogenin
expression in demersal flatfish collected near the munici-
pal wastewater outfall of Orange County, California, USA.
Aquat Toxicol 77:241-249.

Rozen S, Skaletsky H. 2000. Primer3 on the WWW for general
users and for biologist programmers. In: Bioinformatics
Methods and Protocols: Methods in Molecular Biology
(Krawetz S, Misener S, eds). Totowa, NJ:Humana Press,
365-386.

$agik R, Woelk CH, Corbeil J. 2004. Microarray truths and con-
sequences. J Mol Endocrinol 33:1-9.

Sharpe R, Skakkebaek N. 1993. Are oestrogens involved in fall-
ing sperm count and disorders of the male reproductive
tract? Lancet 341:1392-1395.

Soto AM, Justicia H, Wray JW, Sonnenschein C. 1991. p-Nonyl-
phenol: an estrogenic xenobiotic released from “modified”
polystyrene. Environ Health Perspect 92:167-173.

Soverchia L, Ruggeri B, Palermo F, Mosconi G, Cardinaletti G,
Scortichini G, et al. 2006. Modulation of vitellogenin
synthesis through estrogen receptor beta-1 in goldfish
(Carassius auratus) juveniles exposed to 17-beta estradiol
and nonylphenol. Toxicol Appl Pharmacol 209:236-243.

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins
DG. 1997. The CLUSTAL_X windows interface: flexible
strategies for multiple sequence alignment aided by qual-
ity analysis tools. Nucleic Acids Res 25:4876-4882.

Tyler CR, Jobling S, Sumpter JP. 1998. Endocrine disruption in
wildlife: a critical review of the evidence. Crit Rev Toxicol
28:319-361.

Vetillard A, Bailhache T. 2006. Effects of 4-n-nonylphenol and
tamoxifen on salmon gonadotropin-releasing hormone,
estrogen receptor, and vitellogenin gene expression in
juvenile rainbow trout. Toxicol Sci 92:537-544.

Vilo J, Kivinen K. 2001. Regulatory sequence analysis: appli-
cation to the interpretation of gene expression. Eur
Neuropsychopharmacol 11:399-411.

Wernersson R, Nielsen HB. 2005. OligoWiz 2.0—integrating
sequence feature annotation into the design of micro-
array probes. Nucleic Acids Res 33(Web server issue):
W611-W615.

Williams TD, Gensberg K, Minchin SD, Chipman JK. 2003. A DNA
expression array to detect toxic stress response in European
flounder (Platichthys flesus). Aquat Toxicol 65:141-157.

Xie W, Barwick JL, Simon CM, Pierce AM, Safe S, Blumberg B,
et al. 2000. Reciprocal activation of xenobiotic response
genes by nuclear receptors SXR/PXR and CAR. Genes Dev
14:3014-3023.

Zhou T, John-Alder HB, Weis JS, Weis P. 2000. Endocrine dis-
ruption: thyroid dysfunction in mummichogs (Fundulus
heteroclitus) from a polluted habitat. Mar Environ Res
50:393-397.

voLUME 117 | NumBER 2 | February 2009 - Environmental Health Perspectives



